"Detection and quantification of hepatitis C virus (HCV) by MultiCode-RTX real-time PCR targeting the HCV 3′ untranslated region
Current commercially available laboratory methods for the detection and quantification of hepatitis C virus (HCV) RNA in clinical specimens include transcription-mediated amplification, branched-DNA, and real-time PCR (1, 2, 4-6, 9, 10, 13, 18). All of these methods target the highly conserved HCV 5Ј untranslated region (UTR) rather than the similarly conserved 3Ј UTR, which was not recognized during initial characterization of the HCV genome (3, 7) but was subsequently identified (8) . Recently, a prototype real-time PCR assay based on MultiCode-RTx PCR technology (i.e., the RTx assay; EraGen Biosciences, Inc., Madison, WI) (11, (15) (16) (17) and targeting the HCV 3Ј UTR was developed for HCV detection and quantification. Herein, we report the results of the initial analytical evaluation of this novel RTx assay along with preliminary correlation studies comparing the RTx assay to the Versant HCV RNA 3.0 assay (the bDNA assay; Siemens Healthcare Diagnostics, Inc., Tarrytown, NY) and a laboratory-developed assay based on the TaqMan HCV analyte-specific reagent (the TaqMan assay; Roche Molecular Systems, Inc.) (1, 2, 4, 6, 9) .
For the initial analytical studies, individual RTx assay reaction mixtures contained 0.5 U/l Moloney murine leukemia virus reverse transcriptase and 1ϫ Titanium Taq DNA polymerase (Clontech, Mountain View, CA) in 1ϫ ISOlution 1482 buffer (EraGen Biosciences, Inc.) along with primer sets to specifically amplify two targets. The first primer set, labeled with 6-carboxyfluorescein, targeted a 48-bp region of the HCV 3Ј UTR, while the second primer pair, labeled with hexachlorofluorescein, targeted a 72-bp segment of an RNA internal control sequence added at 250 copies/reaction. Thermal cycling was performed with an ABI Prism 7700 sequence detection system (Applied Biosystems, Foster City, CA), with the following parameters: 15 min at 50°C, 2 min at 95°C, followed by 50 cycles of 95°C for 5 s, 58°C for 10 s, and 72°C for 20 s. Following PCR, a 5-min thermal ramp (60°C to 95°C) was performed to determine melting point (T m ) values of the amplified products.
An in vitro RNA transcript containing both the HCV 5Ј UTR and the 3Ј UTR was used to prepare a series of RTx assay reaction mixtures containing 10-fold dilutions of this transcript ranging from 10 8 to 10 1 copies/reaction. Data obtained from RTx assay testing of these analytical samples in quadruplicate were exported to MultiCode-RTx analysis software (EraGen Biosciences, Inc.) for further analysis. The presence of HCV RNA was confirmed by a 6-carboxyfluorescein amplification curve with a T m of 80.4 Ϯ 1.0°C occurring within 50 cycles and crossing a cycle threshold (C T ) set at 10 times the standard deviation (SD) of the baseline noise. Results showed that the RTx assay was linear over 7 logs (Fig. 1) and sensitive enough to detect two of four replicates at 10 copies/reaction.
For all subsequent studies, the RTx assay was modified to include two manual nucleic acid extraction procedures, both of which incorporate the use of an unrelated extractable sample processing reference (SPR; EraGen Biosciences, Inc.) that contains the internal control sequence used in the analytical studies. In a quantitative small-volume RTx protocol used for initial testing of specimens, 3.5 l of SPR (1,000 copies/l) was added to 136.5 l of specimen and processed by use of the QIAamp viral RNA minikit (Qiagen, Inc., Valencia, CA) according to the manufacturer's instructions, with a final elution volume of 70 l. In a qualitative large-volume RTx protocol used for testing specimens yielding discordant viral load (VL) results, 3 l of SPR was added to 497 l of specimen and processed by use of the QIAamp MinElute virus vacuum kit (Qiagen, Inc.) according to the manufacturer's instructions, with a final elution volume of 60 l. The small-volume RTx assay reaction mixture (25 l) contained 5 l of eluate, while the large-volume RTx assay reaction mixture (100 l) contained 50 l of eluate.
To create a standard curve for RTx assay HCV VL determination, serial fivefold dilutions (neat to 1:3,125) of a hightiter HCV RNA-positive serum specimen were prepared in HCV RNA-negative serum and tested in replicate (20 reactions/dilution) by the small-volume RTx protocol. The standard curve was then calibrated to WHO Second International HCV standard 96/798 by correlating the known HCV VL and experimentally determined mean C T value from 36 replicate amplifications of a single concentration of the standard. The resulting equation was used to determine the HCV VLs (in IU/ml) in clinical specimens based on the mean C T of duplicate RTx assay reactions.
Amplification equivalency among HCV genotypes was initially studied by using a 13-member worldwide HCV performance panel (WWHV302) (Boston Biomedica, Inc., West Bridgewater, MA), which was tested in triplicate by the quantitative small-volume RTx protocol. The small-volume RTx assay VL results were compared to VL data (provided in the WWHV302 product insert) from the bDNA assay and the Cobas Amplicor HCV Monitor test, version 2.0 (CAM test; Roche Molecular Systems, Inc., Branchburg, NJ).
Frozen aliquots of 466 leftover clinical specimens submitted for routine HCV VL testing at three different clinical laboratories between January 2006 and January 2008 were deidentified, handled in a blind manner, and sent to EraGen Biosciences, Inc., for testing by the RTx assay. These specimens included 200 serum and plasma specimens from Dynacare Laboratories, Milwaukee, WI; 110 serum specimens from the Mayo Clinic, Rochester, MN; and 156 plasma specimens from the Washington University School of Medicine, St. Louis, MO. The 200 clinical specimens from Dynacare Laboratories consisted of 179 specimens with measurable HCV RNA by the bDNA assay and 21 specimens without detectable HCV RNA by the bDNA assay, with HCV genotypes 1a (n ϭ 65), 1b (n ϭ 21), 2 (n ϭ 4), and 3 (n ϭ 7) determined for 97 of the HCV RNA-positive specimens by the Trugene HCV 5ЈNC genotyping kit (Trugene; Siemens Healthcare Diagnostics Inc.). The 110 sera collected at the Mayo Clinic included 100 specimens with measurable HCV RNA by the bDNA assay and 10 HCV RNA-negative specimens from healthy blood donors. These 100 HCV RNA-positive sera consisted of samples with HCV genotypes 1 (n ϭ 25), 2 (n ϭ 25), 3 (n ϭ 20), 4 (n ϭ 20), 5 (n ϭ 5), and 6 (n ϭ 5), as determined by Trugene. All bDNA and Trugene testing was performed according to the manufacturer's instructions. The 156 specimens from Washington University School of Medicine consisted of 141 and 15 specimens with and without detectable HCV RNA according to the TaqMan assay, respectively. Among the 141 specimens with measurable HCV RNA, 86 had HCV genotype determination performed by the Versant HCV Genotype 2.0 assay (Siemens Healthcare Diagnostics Inc.), following the manufacturer's instructions, which yielded HCV genotypes 1a (n ϭ 46), 1b (n ϭ 21), 1 (n ϭ 1), 2a/c (n ϭ 2), 2b (n ϭ 3), and 3a (n ϭ 13). The TaqMan assay was performed with the Cobas TaqMan 48 analyzer (Roche Molecular Systems, Inc.); sample preparation was done by use of the QIAamp viral RNA minikit, and calibration to OptiQuant HCV RNA quantification panels (AcroMetrix Corp., Benicia, CA) was performed as previously described (2, 14) .
Initial testing of fivefold dilutions of the high-titer HCVpositive serum specimen by the small-volume RTx protocol yielded C T values below the established threshold in all 20 reactions for each dilution, except for the 3,125-fold dilution, which showed acceptable C T values in only 10 reactions. When calibrated to WHO Second International HCV standard 96/ 798, the standard curve derived by least-squares regression analysis of the C T and relative sample concentration (i.e., dilution factor) yielded a best-fit linear equation of C T ϭ Ϫ3.8 ϫ log 10 IU/ml ϩ 52.3 (r ϭ 0.984, PCR efficiency ϭ 83%). The mean C T values Ϯ SDs for detectable replicates of the 625-and 3,125-fold dilutions translated to 3.91 Ϯ 0.89 log 10 IU/ml and 3.65 Ϯ 1.13 log 10 IU/ml, respectively. Among HCV genotypes contained in the worldwide HCV performance panel, overall mean VL differences Ϯ SDs between the small-volume RTx assay and the bDNA assay and between the small-volume RTx assay and CAM test were 0.08 Ϯ 0.19 log 10 IU/ml (range, Ϫ0.22 to 0.46 log 10 IU/ml) and 0.20 Ϯ 0.22 log 10 IU/ml (range, Ϫ0.23 to 0.59 log 10 IU/ml), respectively (Fig. 2) .
Four of 277 clinical specimens that were previously tested by the bDNA assay and had measurable HCV VLs by the bDNA assay were negative for HCV RNA by the small-volume RTx assay, while 2 specimens had VLs above the upper limit of quantification by the bDNA assay. Supplemental testing of the four specimens yielding qualitatively discordant results by the qualitative large-volume RTx protocol resolved two of four discordant results. However, the SPR failed to generate a hexachlorofluorescein signal in the third specimen despite multiple attempts with the large-volume RTx protocol (suggesting the presence of PCR inhibitors), while the fourth specimen was consistently negative by the large-volume RTx assay. Linear regression analysis of paired results from 273 specimens quantifiable by both the small-volume RTx assay and the bDNA assay indicated a good correlation (r ϭ 0.95), with a slope of 0.88 (Fig. 3A) . A Bland-Altman plot of VL differences between the small-volume RTx assay and the bDNA assay yielded a mean difference of 0.48 log 10 IU/ml, with Ϯ1.96 SD limits at Ϯ0.51 log 10 IU/ml and a range of Ϫ0.02 to 0.98 log 10 IU/ml (Fig. 3B) . Agreement between the small-volume RTx assay and the bDNA assay improved with increasing VLs, especially at concentrations of Ն5.0 log 10 IU/ml. Specimens containing HCV genotype 3 (n ϭ 27) yielded a mean difference of 0.75 log 10 IU/ml between the small-volume RTx assay and the bDNA assay, compared to a mean difference of 0.48 log 10 IU/ml for all 273 specimens. The difference in VLs between the two assays for genotype 3 was statistically significant (P Ͻ0.005), while differences for genotypes 1, 2, 4, and 5 were insignificant by one-way analysis of variance with Tukey-Kramer adjustment for multiple comparisons. Comparison between genotypes 3 and 6 was inconclusive due to the small number of genotype 6 specimens in this study. Small-volume RTx assay yielded measurable HCV VLs for 98 of 100 specimens with VLs of Ն3 log 10 IU/ml by the TaqMan assay, but HCV RNA was detectable in only 4 of 41 specimens with TaqMan assay VLs of Ͻ3 log 10 IU/ml. Sufficient specimen volume was available for qualitative large-volume RTx assay testing of 13 of these 41 specimens, with HCV RNA detected in 10 of 13 (77%) specimens. Linear regression analysis of paired data from 98 specimens with HCV VLs of Ն3 log 10 IU/ml by the TaqMan assay and measurable VLs by both methods showed a good correlation (r ϭ 0.94), with a slope of 0.86 (Fig. 3C) . A Bland-Altman plot of VL differences between the small-volume RTx assay and the TaqMan assay for these 98 specimens yielded a mean difference of 0.10 log 10 IU/ml, with Ϯ1.96 SD limits at Ϯ0.61 log 10 IU/ml and a range of Ϫ0.51 to 0.70 log 10 IU/ml (Fig. 3D ). Improved agreement with increasing VLs between the small-volume RTx assay and the TaqMan assay was also observed. Among specimens with known HCV genotypes, 82 yielded measurable VLs by the smallvolume RTx assay, with a statistically significant (P Ͻ0.005) difference between the small-volume RTx assay and the TaqMan assay VLs among specimens containing genotype 3 (as opposed to genotypes 1 and 2) (one-way analysis of variance with Tukey-Kramer adjustment for multiple comparisons). There were no false-positive results with the small-volume RTx protocol among the combined total of 46 HCV RNA-negative specimens previously tested by the bDNA or TaqMan assay.
Analytical studies demonstrated that the RTx assay was capable of detecting HCV RNA present at a low copy number (i.e., 50% detection at 10 copies/reaction), and the RTx assay was linear over 7 orders of magnitude. However, the PCR efficiency of 94% determined with a synthetic HCV 3Ј UTR target was higher than the 83% efficiency seen with the smallvolume RTx protocol. While correlation between small-volume RTx and bDNA assay VLs was good, the sensitivity of the small-volume RTx protocol did not compare well to that of the TaqMan assay. The bias for VLs being higher with the smallvolume RTx assay than with the bDNA assay at Ͻ5 log 10 IU/ml may be due to differences in calibration, a predominance of specimens with VLs of Ն5 log 10 IU/ml, or intrinsic performance characteristics of the RTx assay.
These preliminary studies suggest that an RTx-based assay targeting the HCV 3Ј UTR may be used for quantification of HCV RNA in human serum or plasma. Despite the significantly higher VL for HCV genotype 3 when the small-volume RTx assay results were compared to the bDNA and TaqMan assay results, further optimization of assay conditions, increased sample input volume, and a more rigorous calibration of the RTx assay should be capable of achieving the increased sensitivity and accuracy necessary for detection and quantification of HCV RNA to meet clinical needs (12) .
